Since it has been reported that microorganisms can affect painting pigments, Paleolithic painting microbiology deserves attention. The present study is the first report on the bacterial colonization of the valuable Paleolithic paintings in the famous Altamira cave (Spain). One sample taken from a painting area in the Polychromes Hall was analyzed culture-independently. This was the first time microbiologists were allowed to take sample material directly from Altamira paintings. Identification methods included PCR amplification of 16S rRNA genes (16S rDNA) and community fingerprinting by denaturing gradient gel electrophoresis (DGGE). The applied approach gave insight into a great bacterial taxonomic diversity, and allowed the detection of unexpected and unknown bacteria with potential effects on the conservation of the painting. Regarding the number of 29 visible DGGE bands in the community fingerprint, the numbers of analyzed clones described about 72% of the phylogenetic diversity present in the sample. Thirty-eight percent of the sequences analyzed were phylogenetically most closely related to cultivated bacteria, while the majority (62%) were most closely related to environmental 16S rDNA clones. Bacteria identified in Altamira were related with sequence similarities between 84.8 and 99.4% to members of the cosmopolitan Proteobacteria (52.3%), to members of the Acidobacterium division (23.8%), Cytophaga/Flexibacter/ Bacteroides phylum (9.5%), green non-sulfur bacteria (4.8%), Planctomycetales (4.8%) and Actinobacteria (4.8%). The high number of clones most closely related to environmental 16S rDNA clones showed the broad spectrum of unknown and yet to be cultivated bacteria in Altamira cave. ß
Introduction
Caves are no uniform environments in terms of geological and geochemical characteristics. Show cave managements including arti¢cial lighting and the maximum number of daily visitors produce striking di¡erences as well. Altamira and Lascaux caves for example, having valuable paintings, have been visited extensively in the past. Altamira cave received up to 3000 visitors per day in the 1970s. However, these visits resulted in severe deterioration and nowadays the caves are closed for the public. Visitors are not allowed to enter the caves and are shown cave reproductions.
Caves represent nutrient-poor ecosystems subjected to stable and low temperatures and although providing extreme environments for life, they are inhabited by a variety of bacteria. Few studies on cultivated microorganisms in caves have been conducted so far, most probably revealing just a very minor and not representative part of cave population. Information available on uncultivated microorganisms in caves is scarce [1, 2] . Concerning Altamira cave, several cultivation-based studies described the bacterial colonization on the rock walls [3, 4] , the bacterial composition of the dripping waters [5] and the presence of actinomycetes [6] .
The present report is the ¢rst culture-independent study on the bacterial colonization of one of the valuable Paleolithic paintings in Altamira cave. Altamira cave (Santillana del Mar, Cantabria, Spain) is known as the Sistine Chapel of Quaternary art. The famous Polychromes Hall, located near the entrance of the cave and discovered in 1879, is decorated with a herd of bison surrounded by horses and deer (about 14 000 years old). For analysis, one sample (Alt9) was directly taken from a Paleolithic painting area in the Polychromes Hall. This was the ¢rst time that microbiologists were permitted to take a little sample material from Altamira paintings. Without prior cultivation, we extracted nucleic acid from the sampled material and analyzed the phylogenetic relationship of PCR ampli¢ed and cloned 16S rRNA genes (16S rDNA). Genetic ¢ngerprint-ing of the bacterial community was performed by denaturing gradient gel electrophoresis (DGGE), which allows the sequence-speci¢c separation of partial 16S rDNA amplicons of the same length in polyacrylamide gels containing a denaturing gradient. 16S rDNA clone libraries were screened by DGGE and revealed phylogenetic information on individual bacterial members [7] .
Materials and methods

Sampling and DNA extraction
Sample Alt9, a red paint pigment taken from next to a painted bison in the Polychromes Hall in Altamira cave, was taken under the supervision of the cave director by scraping o¡ material with a sterile scalpel. DNA was extracted from less than 1 mg of sample material as described previously for wall painting material [7] . Cell lysis was based on lysozyme and proteinase K digestion, SDS treatment and freeze-thawing. Possible PCR inhibitors were complexed by hexadecyltrimethyl ammonium bromide, and genomic DNA was puri¢ed by elution through silica gel membranes.
PCR ampli¢cation of 16S rDNA fragments,
construction of 16S rDNA clone libraries and DGGE community ¢ngerprinting
Three microliters of the DNA extract were tested for PCR-ampli¢able DNA with 16S rDNA-speci¢c primers. Fragments corresponding to nucleotide positions 3419 26 of the Escherichia coli 16S rRNA gene sequence were ampli¢ed with the forward primer 341f and the reverse primer 907r as described previously [7] . 16S rDNA clone libraries were constructed by cloning 5 Wl PCR product ampli¢ed with primers 341f and 907r. Of the sample, one hundred recombinant clones were randomly screened for di¡erent 16S rDNA inserts by DGGE as described previously [7] . Inserts of clones producing PCR products matching with the most intense bands and with some faint bands of the DGGE ¢ngerprints were sequenced.
For DGGE community ¢ngerprinting, 200-bp fragments corresponding to nucleotide positions 341^534 in the E. coli 16S rRNA gene sequence were ampli¢ed with the forward primer 341fGC and the reverse primer 518r [8] . PCR reactions were carried out in 100-Wl volumes with 5 Wl PCR product of the ¢rst ampli¢cation as template DNA. Cycling conditions were as described previously [7] . 200 Wl PCR product, obtained by nested PCR, were pooled, precipitated with 96% ethanol, resuspended in 15 Wl sterile and double distilled H 2 O and separated by DGGE. Gel electrophoresis was performed as described elsewhere [8] in a linear denaturant gradient from 25 to 60% in a D GENE System (Bio-Rad, Munich, Germany). After completion of electrophoresis, the gel was stained in an ethidium bromide solution and documented with a UVP documentation system.
Sequencing of 16S rDNA inserts and phylogenetic analysis
Sequencing of clone inserts was performed as described previously [7] . For phylogenetic identi¢cation, the obtained sequences were compared with sequences of known bacteria listed in the EMBL nucleotide sequence database. The FASTA search option for the EMBL database was used to search for close evolutionary relatives [9] . Accession numbers of clones of Alt9 have been deposited at the EMBL nucleotide database under the accession numbers AJ421890^AJ421911.
Results and discussion
Altamira cave is one of the most famous karstic caves in Spain containing valuable Paleolithic paintings. The aim of the present study was to investigate the bacterial community present in a red pigment sample (Alt9) taken from next to a painted bison in the Polychromes Hall in Altamira cave. Fig. 1 shows the DGGE community ¢ngerprint of sample Alt9. It revealed a complex bacterial community with 29 visible DGGE bands. In total, 21 clones were sequenced, and the most closely related sequences in the EMBL nucleotide database were determined. Regarding the 29 visible DGGE bands present in the community ¢ngerprint, the numbers of analyzed clones described about 72% of the phylogenetic diversity, although neglecting the possible presence of overlapping DGGE bands [10] . Thirty-eight percent of the sequences analyzed were phylogenetically most closely related to cultivated bacteria, while the majority (62%) were most closely related to environmental 16S rDNA clones, showing the broad spectrum of unknown and yet to be cultivated bacteria in Altamira cave. Identi¢ed bacteria were related with sequence similarities between 84.8 and 99.4% to the (i) Proteobacteria (52.3%), (ii) green non-sulfur bacteria (4.8%), (iii) Planctomycetales (4.8%), (iv) Cytophaga/Flexibacter/ Bacteroides (CFB) phylum (9.5%), (v) Acidobacterium division (23.8%), and (vi) Actinobacteria (4.8%) (Fig. 1) .
(i) Bacteria a⁄liated with the cosmopolitan Proteobac-teria were related to the purple non-sulfur phototrophic Rhodobium sp., to the N 2 -¢xing and chemoorganotrophic Azospirillum sp., to the Aquabacterium sp., to a methyl tert-butyl ether-degrading strain PM1 most closely related to the Aquabacterium sp., Ralstonia sp., Pseudomonas sp., Pelobacter sp., Polyangium sp., and furthermore to an uncultured bacterium from Nullarbor caves (clone wb1N15) most closely related to unclassi¢ed Myxococcales, and to a sulfur-oxidizing strain OAII2 isolated from a hydrothermal vent most closely related to the sulfur-oxidizing Thioalcalovibrio sp. Of these, Pseudomonas is the only genus that has already been cultivated several times from Altamira cave [3, 5, 11] . The fact that the identi¢ed bacterial community was dominated by the Proteobacteria is partly in accordance with previous cultivation-based studies in Altamira cave [3, 5] . These studies revealed that Actinobacteria were the dominant bacteria on the walls and ceilings, whereas the dripping waters were dominated by proteobacterial genera such as Acinetobacter, Aeromonas, Chromobacterium, Chryseomonas, Enterobacter, Erwinia, Flavimonas, Flavobacterium, Hafnia, Janthinobacterium, Kingella, Pseudomonas, Serratia, and Xanthomonas [3^6].
(ii, iii, iv) Bacteria a⁄liated with the green non-sulfur bacteria, Planctomycetales and with the CFB-division were most closely related to uncultivated bacteria. The closest phylogenetic relatives were an uncultured bacterium from a nitrifying^denitrifying activated sludge (clone H8), an uncultured bacterium from Australian arid soil (clone 0319-7F4), and an unidenti¢ed bacterium from activated sludge (clone 1959).
(v) The Acidobacterium division was the second dominating identi¢ed phylogenetic group after the Proteobacteria. Bacteria a⁄liated with this division were agricultural soil bacteria (clones SC-I-8 and SC-I-49), an uncultured bacterium from soil (clone RB30), and an uncultured bacterium from polluted soil (clone WD254). The Acidobacterium division is a recently described monophyletic phylum with the only three so far cultivated species Holophaga foetida, Geothrix fermentans and Acidobacterium capsulatum [12] . The identi¢cation of members of the deep-branching Acidobacterium division in Altamira cave paintings represents one of the ¢rst reports for subterranean environments. Similar results on the high abundance of this phylogenetic group in karstic caves were obtained by our culture-independent studies in La Garma cave (accession numbers of 16S rDNA clones are AJ421088, AJ421089, AJ421092, AJ421094-AJ421096, AJ421101, AJ421102, AJ421106, AJ421111, AJ421117, AJ421119, AJ421123-AJ421125, AJ421131) and in Tito Bustillo cave [13] . These results con¢rm that members of this division are ecologically signi¢cant constituents of many karstic caves. Their ecological function and possible impact on the paintings, from which most of the clones were obtained, is unknown at present.
(vi) The number of detected Gram-positive bacteria was signi¢cantly low. The only bacterium a⁄liated with the Actinobacteria was an uncultured Crater Lake bacterium (clone CL500-10) most closely related to the Frankia sp. On the one hand, cultivation-based studies revealed that Actinomycetes are represented by a greater part of isolated bacteria in hypogean environments [6, 14] , which might on the other hand be due to selective culture media. So far, cultivated Actinomycetes in Altamira cave belong to the genera Amycolatopsis, Arthrobacter, Brevibacterium, Kocuria, Microbacterium, Micrococcus, Nocardia, Nocardioides, Rhodococcus, and Saccharothrix. Furthermore, our study revealed no presence of low G+C Gram-positive bacteria, whereas low G+C Gram-positive genera such as Bacillus, Paenibacillus, and Staphylococcus have already been cultivated from Altamira cave walls [11] .
In previous culture-independent studies, DGGE community ¢ngerprinting and 16S rDNA phylogenetic analyses already gave insight into the complex taxonomic diversity of bacterial communities associated with medieval wall paintings [15^17] . While in Altamira cave the bacterial colonization of the prehistoric painting was dominated by Proteobacteria and Acidobacteria, the medieval wall paintings were inhabited by Proteobacteria (Aquaspirillum, Chromohalobacter, Deleya, Erythrobacter, Halomonas, Porphyrobacter, Pseudomonas, Rhizobium, and Salmonella), by unidenti¢ed Cytophagales, by Actinobacteria (Arthrobacter, Actinobispora, Amycolata, Asiosporangium, Frankia, Geodermatophilus, Nocardioides, Promicromonospora, Pseudonocardia, Rubrobacter, Streptomonospora, Saccharopolyspora, and Sphaerobacter), and by some members of Archaea. No members of the Acidobacterium division were detected.
The ¢nding of complex and partly unknown bacterial communities in cave Paleolithic paintings herein reported deserves attention, since it has been shown that microorganisms can a¡ect painting pigments [18] . Research on cave biodiversity and linking of 16S rRNA information with bacterial function on the Paleolithic paintings would be of interest. In general, the degradation and discoloration of pigments, as well as the formation of pigmented bio¢lms, the dissolution of metals by acids and chelating agents, and biomineralization are some examples of the worst damages triggered by microbial growth [19] . For instance, Bacillus spp. and Arthrobacter viscosus, isolated from rock art paintings, were found to reduce hematite (iron oxide), a common pigment, in laboratory cultures [18] . Besides, Geothrix fermentans^one out of the three so far cultivated species of the Acidobacterium division, whose uncultured representatives seem to be so highly abundant on Paleolithic paintings^is a Fe(III)-reducing bacterium [12] . This suggests that bacteria playing a signi¢cant role in both iron oxidation and reduction might represent a potential hazard for the conservation of the Paleolithic paintings. Although culture-independent-based studies allow only vague statements about the physiological properties and the ecological role of identi¢ed bacteria, they allow an almost non-selective re£ection on the bacterial diversity and complexity in particular ecological niches such as on Paleolithic paintings, where little or nothing is known about living conditions.
